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ABSTRACT: Most isolates of Toxoplasma gondii can be grouped into 3
genetic lineages. In the present study, 67 isolates of T. gondii were
obtained by bioassay in mice inoculated with brains and hearts of 96
asymptomatic chickens from an area highly endemic to human infection
in Rio de Janeiro, Brazil. Of the 48 isolates genotyped using the SAG2

locus, 34 (70%) were of type I and 13 (27%) were of type III. No
isolate of type II was recovered. Isolates from 1 chicken contained a
type I and type III mixed infection, indicating natural multiparasite in-
fection in the same animal. Cats fed mice infected with 11 type I strains
shed 19–535 million oocysts in their feces, indicating that type I isolates
can circulate in the environment.

Toxoplasma gondii infections are widely prevalent in human beings
and animals worldwide (Dubey and Beattie, 1988). Humans become
infected postnatally by ingesting tissue cysts from undercooked meat,
consuming food or drink contaminated with oocysts, or accidentally
ingesting oocysts in the environment. However, only a small percentage
of exposed adult humans develop clinical signs. It is not known whether
the severity of toxoplasmosis in immunocompetent persons is due to
the parasite strain, host variability, or other factors.

Overall, there is low genetic diversity among the T. gondii isolates
examined so far. Toxoplasma gondii isolates have been classified into
3 genetic types (I, II, and III) based on restriction fragment length poly-
morphism (RFLP) (Howe and Sibley, 1995; Howe et al., 1997). It has
been suggested that type I strains or recombinants of types I and III are
more likely to result in clinical ocular toxoplasmosis (Grigg, Gantara
et al., 2001), but genetic characterization has been limited essentially
to isolates from patients ill with toxoplasmosis. In contrast to the situ-
ation in humans, most of the genetically typed isolates of T. gondii have
come from animals, and most of these isolates were of type II or type
III (Howe and Sibley, 1995; Mondragon et al., 1998; Owen and Trees,
1999; Jungersen et al., 2002). Toxoplasma gondii isolates differ mark-
edly in their virulence to outbred mice. Type I isolates are more virulent
to mice than types II and III isolates, and the virulence is genetically
controlled (Howe et al., 1996; Grigg, Bonnefoy et al., 2001; Su et al.,
2002). Because type I isolates do not give rise to chronic infections in
mice, it has been speculated that such isolates may not produce oocysts
in cats and may even belong to a separate species of Toxoplasma (Dar-
dé, 1996; Johnson, 1997).

Recently, we found that 17 of 25 isolates of T. gondii obtained from
asymptomatic free-range chickens from rural areas surrounding São
Paulo, Brazil, were of type I (Dubey et al., 2002). Because chickens
become infected mostly by feeding from soil contaminated with oo-
cysts, prevalence of T. gondii in chickens is a good indicator of the
strains prevalent in their environment (Ruiz and Frenkel, 1980). In the
present article, we confirm these findings using free-range chickens
from another area of Brazil (Rio de Janeiro), geographically separated
from São Paulo, and examine these isolates with respect to mouse mor-
tality, genotype, and oocyst shedding by cats.

Materials and methods were essentially the same as those reported
previously (Dubey et al., 2002). Brains and hearts of 86 chickens from
Campos dos Goytacazes (Campos) (Silva et al., 2003), and 10 additional
chickens from other areas near Campos were bioassayed in outbred
female Swiss Wester mice obtained from Taconic Farms, Germantown,
New York. Briefly, the brain and heart of each chicken were pooled,
homogenized, digested in acidic pepsin, and washed; the homogenate
was then inoculated s.c. into 5 mice. Tissue imprints of mice that died
were examined for T. gondii tachyzoites or tissue cysts. Survivors were

bled on day 35 PI and a 1:25 dilution of serum from each mouse was
tested for T. gondii antibodies with the modified agglutination test
(MAT) (Dubey and Desmonts, 1987). Mice were killed 40 days PI, and
their brains were examined for tissue cysts as described (Dubey and
Beattie, 1988).

For mice that died within 4 wk PI, lungs or brain were removed from
the inoculated mice. A portion of tissue was frozen at 270 C for deox-
yribonucleic acid (DNA) characterization. The remaining tissue was ho-
mogenized in saline for subinoculation into 2 mice. Subinoculated mice
that were given strains of T. gondii that previously killed mice within
3 wk PI were given sulfadiazine sodium (1 mg/ml) from days 7 to 20
PI. Brains of those mice that survived for 3 wk PI were examined for
tissue cysts. Tissues from mice inoculated with 13 of these mouse vir-
ulent isolates of T. gondii were selected to obtain oocysts (Table I). For
this, brains of 1 or 2 mice inoculated with murine tissues 17–32 days
previously were fed to 13 cats (Table I). Feces of cats were examined
for shedding of T. gondii oocysts as described previously (Dubey,
1995). The total number of oocysts shed by each cat was counted as
described (Dubey et al., 2002). To determine the parasite genotypes of
oocysts of these 13 isolates, oocysts were sporulated and bioassayed in
mice (Dubey and Beattie, 1988). Four days after being fed oocysts, mice
that died, or those that were killed, were necropsied, and their mesen-
teric lymph nodes were removed for T. gondii DNA isolation.

Toxoplasma gondii DNA was extracted from mouse tissue as de-
scribed previously (Lehmann et al., 2000). The RFLP genetic type of
48 randomly selected isolates was determined by nested polymerase
chain reaction (PCR) on the SAG2 locus according to Howe et al.
(1997).

In total, there were 67 isolates of T. gondii from chickens from the
Rio de Janeiro area. Sixty-one isolates were the same as those obtained
by Silva et al. (2003). The remaining 6 isolates were from 10 chickens
with MAT titers of ,1:10 in 1 chicken, 1:25 in 2, and 1:100 or more
in 3 chickens.

The number of T. gondii–positive mice of the 5 inoculated varied. In
47 isolates, 5 mice were infected; in 9 isolates, 4 of 5 mice were in-
fected; in 3 isolates, 3 mice were infected; in 3 isolates, 2 mice were
infected; and in 5 isolates only 1 mouse was infected.

Of the 48 T. gondii isolates genotyped, 34 (70%) were type I, 13
(27%) were type III, and 1 was mixed with types I and III. With 33 of
34 type I isolates, 100% of infected mice died of toxoplasmosis between
8 and 28 days. In the case of the 34th isolate, 2 mice died 19 or 26
days PI, and 3 mice survived until they were killed 40 day PI; T. gondii
DNA from only 1 of these 5 mice was genotyped, and this mouse had
survived. Of the 13 type III isolates examined, mouse mortality varied
from 0 (5 isolates) to 100% (4 isolates) and 20–80% (4 isolates). Type
I and type III isolates were recovered from 1 chicken (no. 230). One
of the 5 mice inoculated with tissues of chicken no. 230 died day 31
PI, and it was found to have been infected with type I; the remaining
4 mice that survived were killed on day 40, and 1 of these was type I
and 3 were of type III.

Mouse mortality with different isolates varied. In 50 isolates, all in-
fected mice died of toxoplasmosis. The percent mortality and the num-
ber of remaining 17 isolates were 80 (1), 75 (1), 60 (1), 50 (3), 40 (2),
20 (2), and 0 (7).

The number of T. gondii in tissues of food animals is low as indicated
by bioassays (Dubey et al., 1995). Therefore, for bioassays in mice,
tissues of food animals are digested with pepsin or trypsin to release
bradyzoites from tissue cysts before inoculation into mice. During pro-
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TABLE I. Toxoplasma gondii oocyst shedding by cats fed mice infected with isolates from chickens from Rio de Janeiro, Brazil.

Chicken no. Cat no.
Day of infection

in mice* No. of mice fed
No. of oocysts

shed (3106) T. gondii genotype†

211
192
70
68
57
29

229
229
14

205
42
47
16

IOB1
699
700
102
671
672
673
674
377
379
307
675
678

26 (D)
27 (D)
23 (D)
26 (K)
27 (K)
28 (D)
32 (K)
32 (K)
32 (K)
28 (K)
17 (D)
32 (K)
31 (K)

1
1
2
2
1
1
1
1
1
1
1
1
2

194
95
19

276
280
130

39
22

209
21.9

535.5
101.7

29.2

I
I
I
I
I
I
I
I
I
I
I

III
III

* D 5 died; K 5 killed.
† Genotype of oocysts.

cedures used to concentrate T. gondii, some T. gondii must be killed
because not all mice inoculated with tissues of infected animals become
infected. In 20 of 67 instances in the present study, T. gondii was found
in 20–80% of mice inoculated with homogenates of chicken tissues;
the amount of material bioassayed was not the major factor because
20–50% of the entire homogenate from heart and brain of each chicken
was used for bioassay. Therefore, it is conceivable that the homogenate
from the brain and the heart of chicken no. 230 contained T. gondii
(bradyzoites) from more than 1 tissue cyst that were of different ge-
notypes.

The number of oocysts shed by 13 cats fed mice infected with 13
isolates is shown in Table I. Cats shed between 19 and 535 million
oocysts. Genotyping of material from DNA obtained from oocyst-in-
duced infections in mice indicated that 11 of these isolates were type I
and 2 were type III; and mixed infections were not seen (Table I).

Results of the present study confirm our earlier observations that a
high proportion of T. gondii isolates from chickens from Brazil are of
type I (Dubey et al., 2002). In the present study, chickens were from
human dwellings in an economically deprived area of Brazil, whereas
in the previous study chickens were from rural São Paulo; these local-
ities are approximately 500 km apart. The minimum distance among
the houses from where chickens were derived for the present study was
300 m, so the chance of multiple infections from the same source is
considered low. Thus, the samples are likely to be independent. With
respect to mouse virulence, these T. gondii isolates of chickens from
Brazil are phenotypically different from those of pigs and chickens from
the United States (Dubey, 1995; Dubey et al., 2002; Lehmann et al.,
2003); none of the isolates from United States chickens or pigs was
virulent for mice. Studies are now in progress to genetically compare
isolates of T. gondii from free-range chickens from other countries.

In the present study, mice inoculated with tissues of chickens natu-
rally infected with type I isolates survived for at least 8 days. Because
tissue cysts are formed in mice as early as 8 days PI, irrespective of
the route of inoculation or the stage of T. gondii inoculated (Dubey et
al., 1998); ingestion by cats of even acutely infected mice in nature is
likely to induce oocyst formation. Thus, the likelihood that type I iso-
lates are maintained in nature by oocysts is supported by the results of
the present study. Until recently, it was assumed that type I isolates of
T. gondii do not produce many oocysts. Results of the present study
and those reported earlier (Dubey et al., 2002) indicate that type I iso-
lates can induce shedding of large numbers of oocysts in cats. In our
opinion, the tissue cyst and oocyst stages are an integral component of
the life cycle of T. gondii, and there is no evidence at present indicating
that either cyst-less or oocyst-less strains of T. gondii occur in nature.

Recently, Aspinall et al. (2002) reported astonishing findings that 27
of 71 commercial meat products from grocery stores in Manchester,
England, had T. gondii DNA and, in all instances, the amplified SAG2

locus indicated type I isolates. However, their study was based on de-

tecting DNA in ground meat and should not be equated with the present
study because, here, viable T. gondii was isolated.

Results of experimental infections in rodents indicate that mice and
hamsters can be infected simultaneously with more than 1 strain of T.
gondii (De Roever-Bonnett, 1969; Araujo et al., 1997). However, all
strains of T. gondii so far isolated from naturally infected animals or
humans and genotyped were either 1 of the 3 principal types or a re-
combinant thereof (Howe and Sibley, 1995; Howe et al., 1997); mixed
types have not been documented. Whether these results were partly
because of methods of isolation is unknown. Most T. gondii isolates
recovered from humans were obtained by bioassay in mice or cell cul-
ture. For bioassay in mice, 2 or more mice are inoculated with tissue
homogenates, and genotype is determined usually from one of the sev-
eral inoculated mice. In cell culture, some strains might outgrow others
and thus the prevailing genotype in vitro may not represent the original
isolate. In the present study, DNA was extracted from each of the 5
mice inoculated with tissues of chicken no. 230. We genotyped isolates
from all 5 mice because 1 mouse died and 4 had survived. One of the
4 mice that survived was infected with type I; thus, type I T. gondii
may not be lethal to all mice. Whereas we cannot rule out the possibility
of experimental error or contamination, we believe that T. gondii of
different genotypes found in the same chicken represent a natural multi-
parasite infection.
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ABSTRACT: Laboratory dogs were vaccinated intramuscularly with a
recombinant fusion protein (expressed and isolated from Escherichia
coli) formulated with the Glaxo SmithKline Adjuvant System 02
(AS02). The fusion protein encoded Ac-MTP-1, a developmentally reg-
ulated astacinlike metalloprotease secreted by host-stimulated Ancylos-
toma caninum third-stage larvae (L3). Control dogs were injected in-
tramuscularly with an equivalent amount of AS02 adjuvant alone. The
vaccinated and control dogs were then challenged by s.c. injection of
500 L3 of the canine hookworm A. caninum. The vaccinated dogs de-
veloped prechallenge immunoglobulin G2 (IgG2) antibody responses
specific to anti–Ac-MTP-1-fusion protein with titers ranging between
1:40,000 and 1:364,000, whereas they developed antigen-specific im-
munoglobulin E antibody responses with titers ranging between 1:500
and 1:1,500. By immunoblotting, canine sera obtained from the vacci-
nated dogs recognized a protein of the estimated apparent molecular
weight of Ac-MTP-1 in activated L3 secretory products. Spearman rank
order correlations between the canine intestinal adult hookworm burden
and quantitative egg counts at necropsy and anti-Ac-MTP-1 IgG2 an-
tibody titers revealed a statistically significant inverse association (r 5
20.89; P 5 0.04), suggesting that this molecule offers promise as a
recombinant vaccine.

Infective third-stage Ancylostoma hookworm larvae (L3) release a
zinc-dependent metalloprotease that migrates with an apparent molec-
ular weight (MW) of 50 kDa (Hawdon et al., 1995). The enzyme is
released specifically in response to stimuli that induce feeding and de-
velopment in the L3 (Hawdon et al., 1995) and probably functions in
either parasite skin and tissue invasion or ecdysis (Hotez et al., 1990).
Serum from hookworm-infected patients in China was used as an im-
munoscreening probe to isolate complementary DNA (Ac-mtp-1) from
an A. caninum L3 expression library that encodes a 547 amino acid
(MW 61,730) zinc metalloprotease of the astacin family (Zhan et al.,
2002). Astacins (named for a digestive protease from the crayfish As-
tacus astacus) are characterized by a propeptide, a catalytic domain
containing the characteristic zinc-binding region, and a ‘Met turn.’ In
addition, Ac-MTP-1, like some members of this family, contains sig-
nature epidermal growth factor and CUB domains (Zhan et al., 2002).
Ac-MTP-1 is structurally unrelated to Ac-MEP-1, an adult hookworm
gut luminal metalloprotease of the neprilysin family (Jones and Hotez,
2002). The processed form of Ac-MTP-1 represents the molecule re-
sponsible for the proteolytic activity found in host-stimulated L3 secre-
tory products (Zhan et al., 2002).

Because of its role in parasite-derived tissue invasion and molting,


